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Nomenclature	bs	 Ship	beam	ȋmȌ	DͷͲ	 Average	stone	size	ȋmȌ	Fr	 Froude	Number	based	on	hC	and	vS	ȋ‐Ȍ	g	 Acceleration	due	to	gravity	ȋm	s‐ʹȌ	h	 Local	water	depth	ȋmȌ	hͲ	 Water	depth	on	ship	position	ȋmȌ	hC	 Reference	water	depth	ȋmȌ	HS	 Transversal	stern	wave	height	ȋmȌ	
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Ls	 Ship	length	ȋmȌ	m	 Reciprocal	bank	slope	ȋ‐Ȍ	s	 Sinkage	ȋsquatȌ	ȋmȌ	S	 Transverse	section	area	of	the	ship	below	still	water	level	ȋmʹȌ	Sf	 Transverse	section	area	of	the	ship	below	current	water	table	ȋmʹȌ	ts	 Ship	draft	ȋmȌ	vcrit	 Critical	or	limit	ship	speed	ȋkm	h‐ͳȌ	vs	 Ship	speed	ȋkm	h‐ͳȌ	ζ	 Local	surface	elevation	ȋmȌ	ζͲ	 Surface	elevation	at	ship	position	ȋmȌ	θ	 Trim	angle	ȋradȌ	ρS	 Density	of	riprap	stones	ȋkg	m‐͵Ȍ	ρW	 Water	density	ȋkg	m‐͵Ȍ	φ	 Potential	function	ȋ‐Ȍ	
1.	 Introduction	Especially	 because	 of	 operational	 economical	 reasons,	 the	 size	 and	 the	 installed	motor	 power	 of	modern	ships	increase	steadily	compared	to	the	ships	in	the	past.	But	for	different	reasons,	e.g.	be‐cause	of	presently	low	traffic	density,	smaller	existing	canals,	e.g.	in	the	eastern	part	of	Germanyǯs	canal	system,	will	not	be	adapted	accordingly.	Nevertheless,	there	is	an	increasing	demand	to	per‐mit	passages	of	vessels	in	very	small	existing	canals.	The	question	arises,	whether	this	is	acceptable	and	under	which	conditions,	especially	because	of	increasing	ship	induced	impacts	and	correspond‐ing	damages	of	the	undersized	bank	protection	of	these	small	canals.	There	are	many	factors	which	affect	the	ship	induced	loads	onto	the	bank.	In	this	study	we	leave	the	most	parameters	fixed	and	just	vary	the	ship	size,	the	ship	position	and	the	ship	speed	to	analyse	their	 impacts	separately.	Furthermore,	we	 just	 investigate	ship	 induced	 impacts	coming	 from	the	primary	wave	field	of	the	ship,	not	from	propeller	induced	currents.	These	will	be	investigated	in	a	separate	parameter	study,	using	͵D	numerical	models.	For	the	present	investigation	a	depth‐integrated	ʹD	Boussinesq	model	for	the	numerical	simulation	of	ship	induced	waves	is	applied.	It	provides	the	surface	elevation	and	the	flow	velocities	induced	
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by	a	steadily	driving	ship	 in	a	prismatic	channel.	The	model	 is	based	on	 the	potential	 theory	and	uses	the	slender	body	theory	to	derive	the	water	displacement	caused	by	the	ship	motion	[ͳ].	The	model	considers	the	viscous	effects	at	the	ship	hull	and	at	the	channel	bed.	These	 simplified	 approach	 compared	 e.g.	 to	 ͵D	 calculations,	 field	 investigations	 or	 scale	 model	tests,	seems	appropriate	for	the	main	task	of	the	study	to	compare	the	effect	of	different	boundary	conditions	on	relevant	ship	induced	loads,	because	the	number	of	variants	under	consideration	is	very	large.	The	present	paper	deals	with	some	ongoing	parametric	studies,	which	will	be	performed	at	the	Federal	Waterways	Engineering	and	Research	Institute	by	order	of	the	German	Federal	Min‐istry	of	Transport,	Building	and	Urban	Development	as	a	part	of	different	investigations	for	German	waterways	with	low	traffic	density.	
2.	 Test	scenarios	





	Figure	ͳ:	 Channel	cross	section	and	ship	positions	aȌ	between	KK‐km	Ͷͳ	and	KK‐km	͸Ͷ	and	bȌ	between	KK‐km	ͷ	and	KK‐km	ʹ͸	The	second	profile	is	between	KK‐km	ͷ	and	KK‐km	ʹ͸.	The	channel	profile	is	also	trapezoidal	with	bank	slopes	of	ͳ:͵	and	ͳ:ʹ.ͷ	ȋFig.	ͳ	ȋbȌȌ.	The	width	of	the	channel	bed	is	ʹͲ.ʹ	m	and	the	water	sur‐face	width	is	͵ͻ.ͺ	m.	The	water	depth	of	͵.ͷ	m	is	unchanged	compared	to	the	previous	profile.	Since	 this	 report	 deals	with	 a	 channel,	 the	 flow	velocity	was	 neglected	 in	 the	 computations.	 The	equivalent	sand	roughness	of	the	canal	bed	was	set	to	Ͳ.Ͳ͵	m.	Two	typical	 ship	positions	 in	 the	canal	were	 investigated:	 in	 the	middle	of	 the	water	surface	ȋMȌ	and	close	to	the	bank	ȋNBȌ.	At	position	NB,	 the	ship	centreline	was	ͷ	m	away	from	the	toe	of	 the	bank	slope.	Figures	ͳ	ȋaȌ	and	ȋbȌ	show	the	dimensions	of	channel	cross‐sections	and	the	two	ship	positions.	Ship	induced	loads	were	analysed	at	position	ȋTȌ	on	the	bank	slope,	halfway	of	the	water	depth.	











	Here	Fr	denotes	the	depth	Froude	number	based	on	the	reference	water	depth	hc	and	ship	speed	vs	and	is	defined	as	Fr ൌ 	vୱ/ඥg ∗ hୡ.	Indices	x	and	y	denote	the	derivatives	with	respect	to	the	longi‐tudinal	and	transversal	canal	directions	ȋFig.	͵Ȍ.	The	surface	elevation	ζ	is	then	computed	as	
	with	the	gradient	operator	Δ.	
3.1	(b)	Ship	Boundary	Condition	The	 ship	 boundary	 condition,	 which	 describes	 the	 transverse	 dynamic	 displacement	 of	 water	caused	by	the	ship	motion,	is	defined	in	[ʹ]	as	
	where	hͲ	denotes	the	water	depth	and	ζͲ	the	surface	elevation,	both	at	the	ship	position	ȋindex	ͲȌ.	Here	SfȋxȌ	denotes	the	dynamic	wetted	ship	cross	sectional	area	at	ships	position	x	ȋrib	at	position	xȌ.	The	efficiency	of	this	equation	was	shown	even	in	extreme	cases,	as	the	steady	drive	in	a	lock,	by	comparison	with	well	known	return	current	velocities.	Depending	on	the	local	dynamic	free	surface	elevation,	the	shipǯs	reaction	on	the	water	level	defor‐mation	at	ship	hull,	the	sinkage	ȋsquatȌ	s	and	trim	angle	θ	are	computed	in	each	time	step	by	means	of	 the	quasi‐steady	vertical	 force	balance	 [ͳ].	Using	 those	values	 the	dynamic	crosssectional	area	can	be	calculated	as	follows	





3.2	 Computational	conditions	and	numerical	setup	For	all	computations	the	grid	size	of	ʹ.͸ʹͷ	m	was	set	in	the	moving	direction.	In	the	cross	sectional	direction	the	grid	size	of	ͳ	m	was	used,	but	to	resolve	the	shore	line	properly	the	grid	size	 in	the	bank	area	was	gradually	refined	to	Ͳ.ͷ	m.	For	 the	discretization	 in	space	the	central	difference	scheme	on	rectangular	grid	 is	used.	The	nu‐merical	 solution	was	 carried	out	by	 fractional	 step	method,	which	 splits	 up	 the	 two‐dimensional	equation	in	two	one	dimensional	problems.	Thereby	the	equation	is	first	solved	in	the	x‐direction	by	applying	the	Crank‐Nicolson	method	ȋCNȌ	and	then	the	obtained	result	is	used	for	the	solution	in	y‐direction	again	by	the	CN.	This	combination	provides	the	accuracy	of	second	order	in	space	and	in	time.	 This	 approach	 leads	 to	 a	 five‐diagonal	 equation	 system	 for	 the	 solution	 in	 x‐direction	 and	three‐diagonal	equation	system	for	y‐direction.	Both	can	be	solved	very	efficiently.	Hence,	the	com‐putational	time	for	each	case	was	less	than	three	minutes.	The	 numerical	 model	 has	 been	 validated	 using	 data	 from	 field	 observations.	 The	 results	 of	 the	simulations	agreed	well	with	experimental	data.	The	model	predicted	the	heights	of	primary	waves	and	the	return	current	velocities	with	deviation	of	less	than	ͳͷ%.	However	the	heights	of	secondary	waves	were	strongly	underestimated.	The	results	are	currently	in	the	publishing	process.	In	future	the	numerical	program	will	be	a	part	of	the	professional	revetment	design	tool	GBBSoft.	
4.	 Results	and	discussion	
4.1	 Channel	profile	at	KK‐km	41‐64	Since	the	wave	pattern	strongly	depends	on	the	ship	squat,	we	at	first	discuss	the	dynamics	of	the	ship	movement	 for	the	four	cases.	Figure	Ͷ	shows	the	trim	of	both	ships	on	the	two	positions	for	different	 ship	 speeds.	 In	 case	 of	 ship	 Sͳ	driving	 on	 the	 centreline	 at	 speed	 lower	 than	 ͷ.ͷ	 km/h	ȋFr=Ͳ.ʹ͸Ȍ	the	ship	trims	by	the	bow.	The	trim	angle	in	this	case	takes	negative,	but	very	little	val‐ues.	With	growing	ship	speed	the	trim	angle	grows	as	well	and	becomes	positive,	which	means	that	the	ship	trims	stern‐heavy.	Close	to	the	critical	ship	speed	ȋi.e.	the	speed,	that	a	displacement	vessel	generally	cannot		
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	Figure	ͻ:	 Computed	drawdown	at	ship	stern	at	bank	position	T	The	computed	maximum	backflow	velocities	at	 the	position	T	show	a	similar	behaviour	ȋFig.	ͳͲȌ.	The	difference	between	centre	and	off‐centre	motion	at	subcritical	 speed	 is	 insignificant	 for	both	ships.	However,	in	all	cases	the	backflow	velocity	increases	rapidly	near	the	critical	speed.	Compa‐rable	to	stern	drawdown,	the	return	current	velocities	induced	by	a	bigger	ship	are	approximately	two	times	higher	than	those	induced	by	a	smaller	ship.	The	highest	values	of	maximum	velocity	of	the	return	current	are	for	both	ships	approximately	ʹ.ͷ	m/s.	These	values	were	reached	by	the	big‐ger	ship	at	ͷ.͸	km/h	ȋFr=Ͳ.ʹ͸Ȍ	and	by	the	smaller	ship	at	approximately	͹.ͷ	km/h	ȋFr=Ͳ.͵͸Ȍ.	
	Figure	ͳͲ:	 Computed	maximum	return	flow	velocity	at	bank	position	T	
5.	 Conclusions	and	outlook	The	ship	 induced	waves	and	backflow	velocities	of	 two	different	sized	ships	were	 investigated	 in	two	different	 sections	 of	 the	Küsten‐Kanal,	 Germany.	 Thereby	 the	 driving	positions	 and	 the	 ship	speeds	were	varied.	Although	the	breadth	of	the	water	surface	and	the	width	of	the	channel	bottom	of	the	second	canal	profile	was	only	ͷ	m	smaller	than	of	the	first	one,	the	difference	in	the	wave	pattern	was	significant,	especially	in	regard	to	eccentricity.	In	the	first	profile	ship	induced	waves	and	return	current	veloci‐ties	were	higher	at	the	near	bank	
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